We have studied the inhibitory effect of some Monoterpenic Thiosemicarbazones on steel corrosion in 1 M HCl solution. The potentiodynamic polarization and electrochemical impedance spectroscopy were used. The Monoterpenic Thiosemicarbazones have inhibited significantly the dissolution of steel. The inhibition efficiency increased with increasing inhibitor concentration and also with the increase in temperature (293-323 K). Furthermore, the results obtained revealed that the adsorption of inhibitor on steel surface obeys Langmuir adsorption model and the thermodynamic parameters such as enthalpy and activation energy were determined. The scanning electron microscopy combined with dispersive X-ray spectroscopy examinations were used to see the shape of the surface morphology and to determine the elemental composition. Scanning electron microscope (SEM) images show that the surface damage decreases when the inhibitor is added. The quantum chemical calculations using density functional theory (DFT) were performed in order to provide some insights into the electronic density distribution as well as the nature of inhibitorsteel interaction.
Introduction
Corrosion problems have sparked a considerable attention because of their aggressiveness towards materials [1] . The most important application of steel is in the oil and gas pipelines, refineries, recovery units, and so forth. Acid solutions are usually used as acid pickling, acid descaling, and industrial acid cleaning [2] . The use of inhibitors is one of the best ways to protect metals and alloys against corrosion in acidic medium [3, 4] . The environmental toxicity of organic products has prompted the search for new eco-friendly substances readily available and effective molecules having very high inhibition efficiency [5, 6] . It is well known that organic compounds containing heteroatoms, such as sulfur, nitrogen, and oxygen, could be excellent for corrosion inhibitors [7] . The efficiency of these organic inhibitors is related to their ability to be adsorbed on metal surface which is influenced by some of their electronic and physicochemical properties such as electronic structure, steric factor, aromaticity, electronic density at donor site, and presence of functional groups [8, 9] . The inhibition process could be explained by a physical or chemical adsorption of these organic molecules into the surface of the metal, forming a protective layer to isolate the metal from the corrosion [10] . Some researchers explain that the inhibition process is related to the formation of donoracceptor surface complexes between a vacant d-orbital of metal and or free electron inhibitor containing heteroatoms [11, 12] . Moreover, in recent years, the thiosemicarbazones as corrosion inhibitors have been widely studied and have shown their good inhibition efficiency [13] [14] [15] [16] [17] . In addition, these compounds have demonstrated high potency inhibition that related to the presence of sulfur and nitrogen. These explain their ability to form complexes with different metals especially with steel [16, 18] . In addition to experimental studies, the density functional theory (DFT) is widely used to interpret the experimental results of the observed inhibition [8] .
The aim of this work is to evaluate the corrosion kinetic parameters of steel and the adsorption thermodynamic parameters of some Monoterpenic Thiosemicarbazones in 1 M HCl solution. The polarization curves and the electrochemical impedance spectroscopy were used. The morphology of steel was checked before and after experiments by scanning electron microscopy (SEM) and the surface composition was analyzed using energy dispersive X-ray (EDX) spectroscopy. The corrosion inhibition effect of the Monoterpenic Thiosemicarbazones was also investigated by theoretical calculations (DFT) and correlated with the experimental inhibition efficiencies.
Experimental

Synthesis of Corrosion Inhibitors.
The Monoterpenic Thiosemicarbazones (5-7) were prepared according to the reported reaction in Figure 1 [19] [20] [21] . Chemical structure, molecular formula, molecular weight, analytical data, and chemical abbreviation used are given in Table 1 .
Preparation of Electrode and Solution.
The steel specimens were cut from a cylindrical rod with an exposed area of 0.76 cm 2 to electrolyte. The chemical composition of working electrode was Fe (98.55%), C (0.15%), Mn (1.25%), and Si (0.05%). Before each electrochemical experiment, the surface of steel specimens was mechanically abraded using different grades of abrasive paper (180, 500, and 1200 grades), degreased with acetone, and rinsed with distilled water. The electrolyte solution 1 M HCl was prepared from an analytical grade (37%) hydrochloric acid.
Electrochemical Measurements.
Electrochemical measurements were carried out using a potentiostat PGZ100 piloted by voltamaster4 software. This potentiostat is connected to a double-walled one-compartment cell with a threeelectrode configuration. A platinum electrode with 2 cm 2 surface area and Ag/AgCl were used as auxiliary and reference electrodes, respectively. The working electrode surface area exposed to the electrolyte was 0.76 cm 2 . The open circuit potential was measured after 30 minutes until it reaches steady state conditions. The electrochemical impedance spectroscopy experiments were performed at corrosion potential in frequencies ranging from 100 KHz to 10 mHz by applying a sine wave voltage of 10 mV peak to peak with data density of 10 points per decade. The impedance parameters were calculated by fitting the experimental results to an equivalent circuit using EC-Lab software. The polarization curves were scanned in the range of −800 mV to −200 mV at a scanning rate of 1 mV⋅s −1 . The effect of temperature on the inhibitor efficiency was controlled thermostatically in a temperature range of 293 at 323 K. Experiments were repeated many times to check the reproducibility and the average values presented.
Surface Investigation.
The steel surface morphology was modified by immersion for 2 h, of the cleaned samples in 1 M HCl solution in absence and presence of inhibitor. After washing, the specimens were dried. The prepared coupons were used for surface analysis using scanning electron microscopy (SEM). The presence of surface elements was determined using high energy dispersive X-ray (EDX). The SEM with EDX analyses was carried out using VEGA3 LM TESCAN instrument at an accelerating voltage of 20 kV and 2.00kx magnification. Table 2 presents the electrochemical kinetic parameters such as corrosion current density ( corr ), corrosion potential ( corr ), cathodic and anodic Tafel slopes ( and ), and inhibition efficiency ( %). These parameters were determined by extrapolation method of the experimental curves. The inhibition efficiency was calculated using the following equation:
where corr and corr are corrosion current densities for steel electrode without and with presence of inhibitors, respectively. In order to study the kinetics of the anodic and cathodic reactions, the polarization curves were plotted. Figure 2 reveals that addition of inhibitors to acid solutions has an effect on both anodic and cathodic slopes of the Tafel plots, reducing the rate of anodic metal dissolution as well as retarding the cathodic hydrogen evolution reaction [24] . This indicates the mixed inhibitive nature of the inhibitors [18] .
As shown in Table 2 , the corrosion current density ( corr ) values decrease with increasing inhibitors concentrations as well as increase of inhibition efficiency, indicating that the adsorption of the inhibitors molecules on the surface of steel is impeded by blocking the reaction sites [25, 26] . It can be seen that the inhibition efficiency varies from 84.49% to 95.11% and shows the following order of inhibition: Camphor thiosemicarbazone (5), Carvone thiosemicarbazone (6), and Pulegone thiosemicarbazone (7), respectively, for the concentration of 5 mmol/L. In general, an inhibitor is an anodic or a cathodic type if the displacement in corrosion potential ( corr ) against the blank is higher than 85 mV [27] ; while if the shift is less than 85 mV, it can be regarded as mixed type [28, 29] . In the present study, the maximum displacements were approximately 59 mV, 60 mV, and 51 mV towards cathodic curves for the three inhibitors, respectively, which indicates that the studied inhibitors should be considered as mixed type inhibitors with predominately cathodic effect. Table 3 gives the impedance parameters such as charge transfer resistance ( ct ), electrolyte resistance ( ), double layer capacitance ( dl ), constant phase elements ( dl ), exponential value of CPE ( ), and inhibition efficiency ( %). The Nyquist plot of steel in the medium shows a single semicircular shape; this observation indicates that the corrosion of steel is controlled by a charge transfer process. The goodness of fit indicates a good correlation with the equivalent circuit model (Figure 3(a) ) [30] . It was observed that the diameters of semicircles in the Nyquist plots were influenced by the presence of inhibitors. The increase in diameter sizes with increasing inhibitor concentration may explain the influence of inhibitors on corrosion rate due to inhibition. The irregularity in the semicircle shape of Nyquist diagrams can be attributed to the inhomogeneity of the metal surface as a result of surface roughness or interface phenomena [31] . The Nyquist plots were analyzed by fitting experimental data to an equivalent electrical circuit shown in Figure 4 .
Electrochemical Impedance Spectroscopy (EIS).
It consists of electrolyte resistance ( ), charge transfer resistance ( ct ), and one constant phase element (CPE). The CPE contains the component dl and the coefficient that describes different physical phenomena such as surface roughness, inhibitor adsorption, and porous layer formation [32] . Thus, the capacitance can be deduced from the following relation:
It was observed that the values of dl decreased with the increase of the concentration of different inhibitors from 0.1 to 5 mM (Table 3 ). This behavior confirms that the molecules of inhibitors are adsorbed on the steel surface. The decrease in dl values may be considered in terms of Helmholtz model [33] :
where is the dielectric constant of the medium, the vacuum permittivity, the electrode area, and the thickness of the protective layer. As a matter of fact, the decrease in dl values could be a result of decreasing local dielectric constant and/or increasing thickness of the electrical double layer. Table 3 explains clearly that the ct values increased with the inhibitor concentration. This increase in charge transfer resistance can be related to the formation of a protective layer on the metal/solution interface [34] .
From the outcome, it can be seen that inhibitors are efficient on steel in 1 M HCl solution. These higher inhibition efficiencies could be attributed to the presence in their molecular structures, of amino (-NH 2 ) and thioxo (=S) groups which are active centers of adsorption [23] . Indeed, the presence of these groups in the inhibitor molecules increases electron density on the adsorption centers leading to an easier electron transfer between functional group and the metal. The inhibition efficiencies of inhibitors (5), (6), and (7) at 5 mmol/L in 1 M hydrochloric acid are 86.72%, 86.82%, and 78.21%, respectively. The obtained results from the Nyquist curves are in good agreement with the polarization curves.
Adsorption Isotherm.
The adsorption of the inhibitor on the metal surface can be provided by the adsorption isotherms which give precious information about the interaction between the organic molecules of the inhibitor and the metal surface [35] . The adsorption of organic inhibitor molecules from the aqueous solution can be regarded as a quasi-substitution process between the organic compounds in the aqueous phase [org (sol) ] and water molecules at the metal surface [H 2 O] ads [36] .
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where inh corr and corr are the current densities of steel with and without inhibitor, respectively. In the present work, several adsorption isotherms (Langmuir-Freundlich-Temkin) have been tested in order to determine the best fitting model. The correlation coefficients between surface coverage ( ) and the amount of inhibitors in the corroding medium were compared; the adsorption data fitted well to the three models but gave a better fit to the Langmuir model, as it was evidenced by the higher value of 2 : 0.999, 1, and 0.999 for Camphor thiosemicarbazone (5), Carvone thiosemicarbazone (6), and Pulegone thiosemicarbazone (7), respectively.
The Langmuir equation was developed under the assumptions that adsorption is monolayer, all active sites have uniform distribution of energy level, and there is no interaction between adjacent adsorbed molecules [37] .
So, the Langmuir adsorption can be given as
where is the surface coverage, inh is the concentration of the inhibitor, and ads is the equilibrium constant of the adsorption process. As shown in Figure 5 , the plot of / versus for different inhibitors at 293 K gave straight lines which suggested a monolayer adsorption of inhibitors species at the metal surface and no interaction between the adsorbed molecules [38] . The free energy values Δ ads of inhibitors adsorption on steel surface were calculated using (6):
where is the gas constant, is the absolute temperature, and 55.5 is the concentration of water in the solution in mol⋅L −1 . The negative values of Δ ads (Table 4) indicate the spontaneous adsorption of inhibitors on the steel surface [29] . Generally, the energy values of Δ ∘ ads around −20 kJ mol −1 or less negative are associated with an electrostatic interaction between charged inhibitor molecules and charged metal surface (physisorption); those around −40 kJ mol −1 or more negative involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type bond (Chemisorption) [39] . As can be seen in Table 4 , the Δ ∘ ads values are around −9.5 kJ/mol, indicating that the adsorption of inhibitors at 293 K in 1 M HCl solution was a physisorption interaction.
Temperature Effect and Thermodynamic Parameters.
Temperature has a significant effect on the corrosion phenomenon. It influences the corrosion rate of metal and modifies the inhibition characteristics as the inhibitor itself may undergo decomposition and/or rearrangements [40] . In order to evaluate the thermodynamic parameters for the inhibition and the adsorption process, polarization experiments were conducted in the range from 293 to 323 K in the absence and presence of 5 mmol/L of inhibitors. The corresponding data are given in Table 5 . Increasing the temperature shifts corrosion potentials to low values. This leads to the increase of inhibition efficiency and suggests that the inhibitor molecules act by adsorption on the steel surface in the acid medium which is a characteristic of chemisorption [4] . Examination of data in Table 5 reveals that Camphor thiosemicarbazone (5) exhibits better stability with the temperature evolution.
The corrosion reaction can be studied as an Arrheniustype process using the following relation:
where corr is the corrosion current density of steel, is the apparent activation energy, is the Arrhenius preexponential constant, is the universal gas constant, and is the absolute temperature. An Arrhenius plot of current density logarithm versus 1/ produces a straight line with a slope of / , as shown in Figure 6 . Analysis of activation parameters in the absence and presence of inhibitors gives an insight into the inhibitor adsorption mechanism. It can be seen from Table 6 that the lower activation energy values for the corrosion process, in 1 M HCl and in the presence of 5 mmol/L of the inhibitors, indicate a chemisorption process of the inhibitors. Activation parameters, such as enthalpy and entropy of corrosion process, may be evaluated from the effect of temperature. An alternative formulation of Arrhenius equation is
where ℎ is Planck's constant, is Avogadro's number, Δ * is the entropy of activation, Δ * is the enthalpy of activation, is the absolute temperature, and is the universal gas constant. Figure 7 shows the variation of ln ( corr / ) against 1000/ in the absence and presence of inhibitors. Straight lines are obtained with a slope of (−Δ * / ) and an intercept of (ln( /ℎ ) +Δ * / ) from which the values of Δ * and Δ * are calculated, respectively. The Δ * values are positive for all inhibitors, which suggest an endothermic adsorption process of inhibitors molecules onto metal surface. The negative values of Δ * accompanied by a reduction in entropy indicate that the inhibitor molecules were orderly adsorbed onto the steel surface [35, 41] .
Surface Investigation
SEM Analysis.
Steel surface analysis was carried out using SEM after 2 h immersion (Figure 8 ). The morphology of steel after immersion in 1 M HCl solution in the absence of inhibitors is very rough and strongly damaged due to corrosion attack of the acid (Figure 8(a) ) [4] . The SEM images of the surface after addition of 5 mmol/L of inhibitors indicate the presence of a protective film on the steel surface; as it is revealed in Figures 8(b), 8(c) , and 8(d), no damage is observed. A close examination of Figure 8 explains clearly that the surface of steel is best protected with inhibitors (6) and (7) with a less film [42] . This higher inhibition efficiency of the studied inhibitors is likely ascribable to a strong bonding between (-NH 2 ) and (=S) groups in the molecular structures of the inhibitors and the metal surface, blocking the active centers of adsorption.
EDX Analysis.
Energy dispersive X-ray spectroscopy analysis was carried out in order to obtain information about the composition of the steel sample surface, without and with inhibitors in hydrochloric acid 1 M. Surface analysis was performed after two hours of immersion in the corrosive solution containing 5 mmol/L of inhibitors at the highest inhibition efficiency (Figure 9 ). The results of Atomic (At%) and Weight (Wt%) percentages of elements obtained from EDX analysis of steel in the absence and presence of 5 mmol/L of inhibitors are shown in Table 7 . 
Figure 10: Calculated energies of HOMO and LUMO molecular orbitals and optimized structure of the studied molecules using B3LYP/6-311G (d, p).
Examination of Figure 9 reveals that the presence of inhibitors clearly decreased the O and Cl peaks while the peak of C increased. The peak of O is very high in hydrochloride solution due to the formation of iron oxide on the metal surface [43] . It is totally understandable that the presence of the inhibitors protects the surface without corrosion products, as shown in Figure 9 and confirmed by EDX data [44] . These results testify the good adsorption of inhibitor molecules on the steel surface forming a protective film.
Quantum Chemical Calculation.
Quantum chemical calculation is a powerful tool to study the fundamental of corrosion inhibition in order to investigate the adsorption and the inhibition mechanism of studied inhibitor molecules [45] . Figure 10 shows calculated energy of highest occupied molecular orbital ( HOMO ) and lowest unoccupied molecular orbital ( LUMO ) (called the frontier orbitals) and optimized structure of the studied inhibitors. HOMO and LUMO determinate the way the molecule interacts with other species [7, 46] . To describe the polarity, we use the dipole moment of the molecule ( ). Dipole moment is the polarity measurement of a polar covalent bond. The difference between the HOMO and LUMO energies for the molecules was calculated. The values of global hardness ( ) and global softness ( ) were calculated, according to Koopman's theory, from the values of HOMO and LUMO using the following equations [39, 47] :
The values of calculated quantum chemical parameters such as , HOMO , LUMO , Δ (Hartree), (Hartree), and (Hartree) of the studied inhibitors are listed in Table 8 .
The increase in HOMO values facilitates the adsorption of inhibitor by influencing the transport process through the adsorbed layer. For low values of LUMO , the molecule would accept electrons [7] . Low absolute values of the energy band gap give high inhibition efficiency because the energy to remove an electron from the last occupied orbital will be lower [48] . The dipole moment is the quantum parameter describing the polarity and the reactivity of molecules [30] . Large dipole moment will involve the accumulation of inhibitor in the surface layer, hence inhibition efficiency increase [22] . Global hardness ( ) and global softness ( ) parameters are global chemical descriptors measuring molecular stability and reactivity.
In the present study, the values of quantum chemical parameters are given in Table 8 . The higher value of dipole moment (6.5232 D) of inhibitor (5) compared to other molecules indicates its high reactivity and polarity so that it can easily donate electrons to establish strong d -p bonds in order to form a protective surface film which is correlated to (%) [49] . In line with this, the positive sign of this parameter suggests the physical adsorption mechanism which is consistent with results obtained from adsorption studies. HOMO describes electron donor, while the LUMO is considered for electron acceptor [50] . The values of HOMO follow the order (7) < (6) < (5) which is in accordance with inhibition efficiency. Table 8 shows that the HOMO is higher for inhibitor (5) compared to other molecules having higher inhibition efficiency. The results obtained in Figure 11 exhibit clearly that the energy band gap Δ follows the order: (7) < (6) < (5) which is opposite to the order of (%). The same conclusion can be drawn from the values of LUMO .
The values of global hardness ( ) and global softness ( ) explain the magnitude of electron transfer from inhibitor to metal. The inhibition efficiency increases with decreasing hardness and increasing softness of the inhibitor. In our study, the values of and converse with the order of inhibition efficiency. Moreover, no relationship has been found between the global hardness ( ), global softness ( ), energy gaps values, and inhibition efficiencies [48] . Besides, the experimental results showed that the molecule (5) acts efficiently at 293 K, whereas the molecule (7) presents a good performance at 323 K.
The studied molecules contain the functional groups such as =S, -NH 2 , N-N=, and NH which are known in several research papers for their highest inhibition efficiency. The amine function can form coordination bonds between the unshared electron pair of N atom and the unoccupied d electronic of Fe [51] . The adsorption of functional groups containing the sulfur atom could be realized by formation of links between the d-orbital of iron and heteroatom, leading to water molecules displacement on steel surface. The electron density distribution of HOMO and LUMO of the studied inhibitors was shown in Figure 10 . It is expected that the electron density of HOMO and LUMO is localized principally on the S and N atoms, these assumed to be strongly adsorbed on the metal surface [52] .
Conclusion
The Monoterpenic Thiosemicarbazones (5-7) are efficient inhibitors for the steel corrosion in 1 M HCl with a maximum efficiency of 95%. The corrosion process was inhibited by adsorption of these molecules on the steel surface. The negative values of Δ ads reflect the spontaneity of the adsorption of the inhibitor and the positive sign of activation energy shows an endothermic nature of the reaction. Lower values of free energy show that the inhibitors are physically adsorbed at lower temperature, while the decrease in activation energy favored a chemisorption process as temperature increases. The adsorption of these inhibitors follows the Langmuir adsorption isotherm. The inhibition efficiency of these inhibitors towards corrosion depends mainly on their structure. SEM/EDX studies reveal that the corrosion of mild steel in 1 M HCl was diminished by the addition of inhibitors. The correlation between the electronic-structural properties of the studied molecules and their inhibition efficiencies provided by electrochemical study is evidenced by the application of DFT.
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